A kinetic model was established for the inactivation of endotoxins in water at temperatures ranging from 210°C to 270°C and a pressure of 6.2 ؋ 10 6 Pa. Data were generated using a bench scale continuous-flow reactor system to process feed water spiked with endotoxin standard (Escherichia coli O113:H10). Product water samples were collected and quantified by the Limulus amebocyte lysate assay. At 250°C, 5-log endotoxin inactivation was achieved in about 1 s of exposure, followed by a lower inactivation rate. This non-log-linear pattern is similar to reported trends in microbial survival curves. Predictions and parameters of several non-log-linear models are presented. In the fast-reaction zone (3-to 5-log reduction), the Arrhenius rate constant fits well at temperatures ranging from 120°C to 250°C on the basis of data from this work and the literature. Both biphasic and modified Weibull models are comparable to account for both the high and low rates of inactivation in terms of prediction accuracy and the number of parameters used. A unified representation of thermal resistance curves for a 3-log reduction and a 3 D value associated with endotoxin inactivation and microbial survival, respectively, is presented.
The connection between pyrogens and fevers in patients who receive unsanitized intravenous fluids was first reported by Florence Seibert in the 1920s (32) . One subset of pyrogens is bacterial endotoxins which cause the pyrogenic reactions. Endotoxins come from the outer membrane of the cell wall of Gram-negative bacteria. Endotoxins are polymeric materials represented by lipopolysaccharides (LPS) having a number average molecular weight on the order of 10,000. The active sites in endotoxins are known as lipid A (29) .
Pyrogen-free water is an essential material for the medical and pharmaceutical industries. Commonly known as water for injection (WFI) and sterile WFI (SWFI), the specifications require the removal of dissolved and suspended solids, sterilization, and depyrogenation (38) . Distillation is the oldest method of producing pyrogen-free water (33) . Distillation requires heat to separate pure water from its high boiling point impurities: inorganic solids, microorganisms, pyrogens, and all organics with boiling points higher than the operating temperature. The process also achieves sterilization of the product water. Because of energy intensity, heat recuperation by vapor compression or multiple-effect distillation is required to make the process economical.
Reverse osmosis (RO) is used industrially to produce WFI in Japan (22) . The RO process relies on semipermeable membranes to remove impurities from water. Due to the possibilities of membrane defects, two-stage RO is required. Since there is no heat involved in the RO process, the product water is considered WFI, unless the water is posttreated by proven methods to ensure its sterility.
The thermal sterilization and depyrogenation techniques can be achieved by either wet heat or dry heat. In a wet heat application such as the commonly practiced autoclave steam sterilization technique, 3 orders of magnitude of microbial reduction (known as the 3 D value) is typically achieved at 121°C for 18 min or 134°C for 3 min (21) . For dry heat to achieve the 3 D value, it requires 3 h at 140°C or 1 h at 170°C (15, 34) . Dry heat depyrogenation for a 3-log reduction of endotoxin requires 250°C for 30 min (41) . Dry heat is considered an oxidative process-almost like a combustion process (13) . If effective dry heat depyrogenation is performed, sterilization generally is achieved as well. Depyrogenation can also be achieved by moist heat (4, 5, 20, 28) and in condensed high-temperature water (25) . The former typically involves temperatures of 121°C to 150°C under saturated conditions, and the latter has extended the temperature from 150°C to 400°C under pressures that prevent water from boiling. Since the properties of water under high-temperature and high-pressure conditions undergo changes from polar to nonpolar characteristics, the impact of high-temperature water on the inactivation of endotoxin is evaluated.
The purposes of this study were 3-fold, (i) to generate endotoxin inactivation rate data upon which a kinetic model can be based for scaling up high-temperature hydrothermal processing (HTP) to produce SWFI, (ii) to interpret the data generated in this study by analyzing mechanisms of endotoxin inactivation by dry heat and moist heat, and (iii) to establish a unified representation of the thermal resistance curves for depyrogenation and sterilization by dry heat, moist heat, and HTP processes.
MATERIALS AND METHODS

Materials and supplies.
The primary feed water (or supply water) used was generated on site using a standard RO and deionization system. The endotoxin feed water used was created by using commercially available SWFI, USP (NDC 0110302647850107; B. Braun), spiked with USP endotoxin standard Escherichia coli O113:H10 (Associates of Cape Cod, Inc.
[ACCI], East Falmouth, MA). Control standard endotoxin (CSE) was reconstituted with 10 ml of commercial SWFI (B. Braun). The endotoxin feed was added to the supply water at a ratio of 1:50. CSE can be obtained in microgram or nanogram quantities per vial. The conversion of nanogram quantities to endotoxin units (EU) per ml accounts for both the potency and volume of the solution used for reconstitution. The potency of a CSE is defined as a measure of its activity relative to the activity of the reference standard endotoxin (RSE) in EU per ml. Commonly, the potency of a CSE is expressed as EU of RSE per ng of CSE and varies from 2 to 50 EU/ng. Sterile, endotoxin-free sample collection vials (model STERCL10) were obtained from Research Laboratory Supply, Inc.
Cleaning procedure. The system was cleaned by running source water for extended periods of time. Samples SDD-03-16, SDD-03-23, and SDD-03-31 represent source water flowing through a hot, "clean" system. LAL assay. Quantitative detection of bacterial endotoxins is accomplished by the widely accepted Limulus amebocyte lysate (LAL) assay (37) . Determination of the endotoxin concentrations of standards and samples was performed at ACCI using either the gel clot or endpoint turbidimetric technique of the USP Ͻ85Ͼ bacterial endotoxin test. Because the concentration of endotoxin standards was relatively low, a special effort was made to identify and minimize possible interference during every step of the experiments. Interference with the LAL assay is classified into two categories: inhibition and enhancement (16) . In this study, inhibition was a greater concern because such data would falsely imply the safety of hydrothermal systems. There are two possible sources of interference that could affect or reduce the LAL readings as the primary indication of endotoxin reduction in this study. The first interference is the absorption or retention of endotoxin standards that could take place within the test systems. Results from the preliminary experiments described below demonstrated that the loss of endotoxin standards due to adsorption or retention was identified, controlled, and verified to be acceptable within the range of experimental error. Alternatively, the second interference could be an artifact resulting from a change in the lipid A structure due to heat, pressure, and water affecting the sensitivity of the LAL test to the remaining endotoxin. No literature was found to show evidence that the change in structure would result in a lower LAL reading.
Apparatus and operating procedure. A flow diagram of the bench scale HTP system is shown in Fig. 1 . The key components of the test reactor system include pumps (Lab Alliance Prep 100 pump P40SFT01 and Waters model 510), a preheater, a reactor, a heat exchanger, and a pressure regulator. The preheater was used to heat the supply water to the desired operating temperature to ensure an isothermal temperature profile in the reactor. Both the preheater and the reactor were submersed in a variable-temperature fluidized sand bath. The preheater was fabricated from 3 m of 316 stainless steel tubing with an outside diameter of 3.18 mm and an inside diameter of 1.75 mm. The reactor was fabricated from 316 stainless steel tubing with an outside diameter of 1.60 mm and an inside diameter of 0.58 mm. The pressure regulator was used to keep the system pressure greater than the saturation pressure. A pressure gauge (range, 0 to 70 ϫ 10 5 Pa; Wika) was used to monitor system pressure. Thermocouples (Omega EQSS-116U-12) were used throughout the system to monitor system temperature.
The supply water and the endotoxin feed solution were pumped through the system simultaneously. The supply water source was fed through the system at 20 to 60 ml/min. The endotoxin solution was fed through the system at 0.4 to 1.2 ml/min. A volumetric flow ratio of 1:50 was selected to minimize the impact of a temperature change due to cold endotoxin solution injection into the preheated water stream. The endotoxin solution was injected into the primary stream after the supply water had been preheated. The combined solution passed through the test reactor, which maintained the fluid at the desired operating temperature. Exiting the test reactor, the fluid was cooled and collected via the sample vial or discarded as waste.
Reactor/heat exchanger design and residence time. To minimize the amount of endotoxin required to perform these tests, the test reactor was designed to operate at relatively low flow rates as indicated above. Since the primary goal of this study was to generate kinetic data for scaling up of the hydrothermal process system, the impact of the heat transfer, fluid-mixing, and turbulent-flow characteristics due to reactor size and flow rate had to be considered. Based on similarity rules governing reactor scale-up, the test reactor was operated at the feed water flow rate that corresponds to a Reynolds number of 7,000 to 21,000. Since the transition from laminar-flow to turbulent-flow regions occurs between Reynolds numbers of 2,000 and 4,000, a region called the critical zone (3), the turbulent-flow regimen was achieved under these conditions. For example, at 250°C and 25 ml/min, the Reynolds number of water flowing through the test reactor is 8,550, which is well beyond the critical zone and comparable to what is required for a targeted scale-up system with a Reynolds number of 10,200 at 14 liters/h and 250°C.
The heat exchanger was of a tube-in-tube design and was used to quench the reactor effluent. It was 1,143 mm long and constructed of a 6.35-mm-diameter shell tube and a 1.59-mm-diameter inner tube. The outlet temperature of the heat exchanger was monitored via T6 (thermocouple 6) as illustrated in Fig. 1 . This temperature did not exceed 28°C. Figure 2 illustrates the calculated temperatures as a function of time within the heat exchanger. Within approximately 0.1 s, the temperature of the spiked water is quenched to less than 175°C for 20 ml/min. At higher feed water flow rates, the temperature drop is more rapid, suggesting that the reaction is effectively quenched.
The endotoxin inactivation kinetics study focused on establishing the correlation between the reactor residence time at a given temperature with a measured endotoxin concentration in the effluent water sample. Table 1 
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showing the combinations of reactor tube length and flow rate selected for the temperature range used in this study. Methodology development. Preliminary tests were conducted to evaluate system performance and establish a baseline. Particular attention was given to the tracing of an endotoxin standard to ensure uniform delivery into the system. All wetted surfaces of the final system were stainless steel components. In addition, the feed rate was optimized for the dual-piston pumps used in this test. The minimum endotoxin injection rate was maintained at 0.4 ml/min. The concentrated endotoxin had a concentration of ϳ550,000 EU/ml, which was based on the stock vial dilution. The water injection rate was adjusted accordingly to maintain a concentration of ϳ5,000 EU/ml.
The initial setup utilized a sterile needle (with a plastic base) to extract the reconstituted CSE from a sealed vial; as the CSE was removed, suction was created inside the vial, which could have altered the intended flow rate, thus affecting the overall concentration. To resolve this issue, the CSE was extracted from the open vial with a stainless steel tube. To monitor the feed rate of the concentrated endotoxin, the source vial was place on an analytical balance and its weight was monitored continuously throughout the test.
Scoping tests were conducted at room temperatures with a 0.6-m reactor to verify the overall concentration after incorporating changes into the test system. New data demonstrated acceptable performance of the test system. Another parameter evaluated during this test was the time dependence of feeding the endotoxin through the system. Based on residence time calculations, the residence time for the combined solution is relatively short (less than 10 s). The limiting factor was the time required for the concentrated endotoxin to get from the supply vial into the test loop (approximately 30 s). As observed in the data, the sample collected after 4 min was almost half the concentration of the sample collected after 8 min. After 8 min, there was no change in the concentration of c A process upset caused the endotoxin concentration of sample SDD-03-22 to be artificially low. Since the endotoxin concentration in feed, ϳ4,000 EU/ml, was confirmed using the same sample preparation procedure, this value was used to determine the percentage of endotoxin remaining.
the samples collected, indicating that a steady state was reached. Based on these results, future samples would be taken at least 8 min after initiating the endotoxin feed. Triethylamine (TEA) was mixed with the supply water for tests SDD-03-13 and SDD-03-14 to evaluate the effectiveness of a detergent. These results indicated no improvement to the normal feed water experiment, and therefore TEA was not used in subsequent tests.
RESULTS
Experimental data. The first set of seven samples was collected using the 1.2-m reactor. These data demonstrated that a minimum time may be required to reach a steady state after initiating the endotoxin feed before collecting a sample. As shown for samples SDD-03-17 and SDD-03-18 in Table 1 , there is a difference of three times the concentration between these two samples where these samples were collected at 5 and 10 min, respectively. All of these samples were heated to 250°C, except for the last sample, which was used to determine the overall feed concentration. As shown in Fig. 3 , the data follow a linear trend when plotted on a semilog scale, which is expected for depyrogenation data up to a 3-to 4-log reduction.
The second set of tests included eight samples collected at a combination of 270°C and 250°C using the 3.7-m reactor. The goal of this round of testing was to expand upon the data collected in the first round at 250°C to demonstrate a greater reduction of the endotoxin concentration. This test was successful in achieving a Ͼ5-log reduction of the endotoxin concentration.
The third set of tests included eight samples collected at a combination of 230°C and 210°C using the 3.7-m reactor. A 2-to 3-log reduction of the endotoxin concentration was achieved, which is reasonable for the operating temperatures and residence time.
Kinetic models. Most of the kinetic models reported in the literature deal with the inactivation of living organisms (2, 9, 11, 12, 39) . Only a few papers have addressed kinetic models for the inactivation of endotoxins (5, 23, 24, 35) . The commonality of inactivation of endotoxins and living organisms lies in that their kinetic trends are both not log linear in most cases.
The pattern of microbial survival curves has been revisited and reinterpreted using Weibull distributions of resistance as a first approximation (30) .
A freeware tool, GInaFiT (19) , was used to assess non-loglinear microbial survival curves. Most of the data from this study were collected at 250°C, and as shown in Fig. 3 , these data display a non-log-linear pattern similar to reported trends in microbial survival curves. To explore the applicability of this modeling tool and the suitability of the Weibull model, the data for the inactivation of endotoxins obtained from this study at 250°C were analyzed. Table 2 shows the model prediction results with an emphasis on comparing log-linear models with Weibull models. The classic Weibull model has greater prediction accuracy than the classic log-linear (Arrhenius) model. Introducing an additional parameter into both the Weibull and log-linear models produces a considerable improvement at the tail end. Double Weibull and biphasic, which require five and four parameters, respectively, have further improved prediction accuracy, but the improvement is much smaller. This small improvement comes at the expense of using more parameters.
The figures of merit (mean sum of squared error [MSSE], root mean sum of squared error [RMSE], and R
2 ) show that the biphasic model is comparable to the Weibull ϩ tail model in both prediction accuracy and the number of parameters used.
As shown in Fig. 3 , 5-log endotoxin inactivation was achieved at 250°C in about 1 s of exposure, followed by a lower rate. A log-linear kinetic model would be convenient if the endotoxin inactivation range were limited to 3 to 5 logs. In addition, the two parameters for the Arrhenius log-linear kinetic model have meanings connected to chemical reactions, i.e., activation energy and frequency factor. The Arrhenius model is simple and can account for the temperature dependency of the reaction rate. Further attempts were made to correlate available data obtained at different temperatures. The data from this study were obtained at the upper temperature limit, while the data from three previous studies were considered to extend the lower temperature limits to 200°C (25) , 190°C (1), and 120°C to 140°C (28) . Figure 4 shows the Arrhenius plot, which follows a linear trend with r 2 ϭ 0.9875. Using the slope (ϪE a /R) and the intercept ln(A) obtained from Fig. 3 , the activation energy (E a ) and the frequency factor (A) were calculated to be 118.3 kJ/mol and 6.547 ϫ 10 12 s Ϫ1 , respectively. It was found that the regression of the data from this study (210°C, 230°C, and 250°C) generated almost the same results (E a ϭ 117.9 kJ/mol and A ϭ 6.043 ϫ 10 12 s Ϫ1 ) as the model presented in Fig. 3 , covering temperatures of 120°C to 250°C.
As shown in Fig. 3 , the data points at 250°C with residence times of greater than 1 s and all of the data points at 270°C appear to fall into the slow-reaction zone. These data were further treated to generate reaction rate constants for 250°C and 270°C. Based on these reaction rate constants, E a and A for the slow-reaction zone were calculated to be 104.2 kJ/mol and 2.373 ϫ 10 10 s Ϫ1 , respectively. These kinetic parameters are summarized in Table 3 . The experimental and predicted data at 250°C show a convincing biphasic behavior (i.e., a fast-reaction phase followed by a slow-reaction phase) of the endotoxin inactivation process. Although no data at very short exposure times were collected at 270°C, the model predictions shown in Fig. 3 suggest that at 270°C, the transition from the 
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on December 14, 2017 by guest http://aem.asm.org/ fast to the slow reactions takes place sooner and at a shorter exposure time than that observed at 250°C. D value. The decimal reduction time is the time required at a given temperature to kill 90% of the organism population. By convention, the D value is used for sterilization processes, while log reduction (i.e., reduction by 1 logarithm unit) is used for depyrogenation processes. For convenience of discussion and simplicity of comparison, the terms D value and log reduction are used interchangeably in this context. The D value is calculated from the equation D ϭ 2.303 k Ϫ1 , where k is the reaction rate constant derived from the slope (slope ϭ Ϫk) of the survival curve on the semilog number of survivors versus exposure time chart. The D values, in seconds, calculated in this work are summarized in Table 3 . For example, the D value at 250°C is 0.225 s. This means it would take about 1 s to achieve 5-log depyrogenation.
DISCUSSION
Kinetic data comparison. Our data comparison focused on the three most relevant works reported in the literature. The first one was the dry heat depyrogenation described by Tsuji and Harrison (35) , whose work has often been cited as the benchmark for thermal depyrogenation processes. Tsuji and Harrison used the same endotoxin standard (E. coli O113: H10) and tested at temperatures of 170°C to 250°C. The D values reported by Tsuji and Harrison (35) are given in Table 3 as a comparison to those derived in this study. It should be noted that the D values for dry heat depyrogenation are in minutes and are about 2 orders of magnitude larger than those derived from the hydrothermal process presented in this work. Nevertheless, the ratios of D values of the slow-to the fast-reaction zones (i.e., D 2 /D 1 ) from both wet heat and dry heat depyrogenation were plotted against temperature. As shown in Fig. 5 , a linear trend is evident in the temperature range of 200°C to 270°C. Figure 6 further shows the first comparative semilog plot of the remaining concentration versus exposure time between the hydrothermal data and the dry heat data. The ratios of the inactivation rates for the fast to the slow zones are almost identical in both data sets.
The second comparative semilog plot of the remaining concentration versus exposure time involves the data for moist heat at 121°C (5) and the data for soft HTP at 130°C with a steam saturation ratio of 1,000% (28), as shown in Fig. 6 . The time in both data sets is in minutes, while the time for depyrogenation by HTP is in seconds. Figure 7 shows the experimental data (open symbols) and model predictions (lines). For the steam depyrogenation data, the slope of the line (the first-order reaction rate constant) for the slow-reaction zone (k 2 ) was calculated first. Since D ϭ 2.303 k
Ϫ1
and D 2 /D 1 ϭ 0.058T Ϫ 3.75 (Fig. 5) , the reaction rate constant for the fast-reaction zone (k 1 ) was calculated from k 2 and D 2 /D 1 at 121°C. As shown in Fig. 6 , the model predictions appear to fit the data well. For the soft HTP data, there are only three data points which appear to be in the slow-reaction zone. Therefore, k 2 was calculated first and then k 1 was calculated by using the k 2 and D 2 /D 1 values at 130°C. The solid symbols in Fig. 6 represent the model-predicted values in the fast-reaction zone. Overall, the biphasic reaction rate pattern appears to be characteristic of all three thermal systems for the inactivation of E. coli. The high depyrogenation rate at high temperatures typical of HTP appears to be a major advantage over the lower-temperature conventional depyrogenation processes.
Endotoxin inactivation mechanism. First, sterilization and endotoxin inactivation can be achieved by dry heat or moist heat involving different mechanisms. While dry heat sterilization is thought to occur by the oxidation of essential cell constituents (13) , moist heat kills microorganisms by coagulating and denaturing their enzymes and structural protein (42) . The precise mechanistic steps of endotoxin inactivation are unknown but are likely to involve lipid A, which has been identified as the active site within LPS for pyrogenetic responses (26) . For dry heat, the mechanism would be governed by gas-solid surface oxidative reactions and/or thermal decomposition reactions involving the active sites. Although both types of reactions may occur simultaneously, it is generally believed that oxidation is more dominant at lower temperatures while thermal decomposition becomes increasingly significant at higher temperatures. Conceptually, dry heat depyrogenation can be viewed as an extended process of dry heat sterilization to reach sterility, followed by rendering of the remaining cell fragments free of pyrogenicity. Moist heat appears to have an intermediate impact on depyrogenation, as exhibited in the data of Bamba et al. (5) . The rate of depyrogenation begins to accelerate with the (28) . As the temperature is further increased while the pressure is maintained above the saturation curve, the aqueous reaction medium begins to shift from being polar to being nonpolar (40) . High-temperature water exhibits a lower dielectric constant and a lower ionization constant (pK w ) than liquid water under standard temperature and pressure conditions (8) . For example, the static dielectric constant of saturated liquid water is 33.11, 30.01, 27.08, and 24.30 at 210°C, 230°C, 250°C, and 270°C, respectively (36), compared to a value of 80 for water at room temperature. The pK w value is 11.2 at 250°C (6) compared to 14 at room temperature, suggesting a 3-log difference in the ion concentration product. This reversal solvent property makes high-temperature water a highly effective solvent for organic reactions that would not otherwise take place in room temperature water (17) . For polymers, a good solvent is characterized by high degrees of the ability to penetrate and swell polymeric moieties. High-temperature water seems to function as an effective reactant and solvent for reactions involving lipid A. Therefore, HTP is a better process for endotoxin inactivation than dry heat and moist heat.
Unified representation. Figure 8 shows the temperature (T) and time (t) semilog correlation for 3 D heat sterilization and depyrogenation. The literature data were obtained from the independent studies described above (1, 5, 15, 21, 25, 28, 34, 35) . All of the data shown in Fig. 8 are either actual experimental data or interpolated data corresponding to 3 D values. This chart can be used as a general design guideline that if the intercept of temperature (T) and time (t) falls in the region above and to the right side of a given line, a 3 D value will be achieved for the corresponding depyrogenation or sterilization process as indicated. For a given temperature, the wet heat depyrogenation is about 2 orders of magnitude more effective (i.e., less exposure time is required) than the dry heat depyrogenation process. Similarly, steam sterilization is about 1 order of magnitude more effective than the dry heat sterilization process. At the lower temperature limit, near 121°C, the data show that high steam saturation (28) shortens and low steam saturation (5, 28) prolongs the time required to achieve depyrogenation. Furthermore, the data confirm that depyrogenation requires a higher temperature or a longer time than sterilization. Therefore, the correlation developed for endotoxin inactivation can also serve as a conservative system design criterion for the sterilization process. The trends appear to be linear and show almost identical slopes on the T-t semilog chart, with the exception of autoclave sterilization, where only two typical data points at 121°C and 134°C are presented.
In summary, the major contributions of this study include (i) extending the temperature correlation of hydrothermal depyrogenation from the independent work of Bamba et al. (5) (25) that explored depyrogenation by water at temperatures of up to 400°C, (iii) presenting a unified chart of new data and literature data related to depyrogenation and sterilization by hydrothermal (wet heat) and dry heat processes, and (iv) interpreting possible mechanisms involved in the HTP inactivation of endotoxins.
